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Chapter 5: Chord Recognition

5.1 Basic Theory of Harmony

(2
5.2 Template-Based Chord Recognition @
5.3 HMM-Based Chord Recognition // \\

54 Further Notes

In Chapter 5, we consider the problem of analyzing harmonic properties of a
piece of music by determining a descriptive progression of chords from a given
audio recording. We take this opportunity to first discuss some basic theory of
harmony including concepts such as intervals, chords, and scales. Then,
motivated by the automated chord recognition scenario, we introduce
template-based matching procedures and hidden Markov models—a concept
of central importance for the analysis of temporal patterns in time-dependent
data streams including speech, gestures, and music.
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5.1 Basic Theory of Harmony
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5.1 Basic Theory of Harmony

A Interval Interval JI Pyt.
name ratio ratio
0 (Perfect) unison | C4 — C4 1:1 1:1
1 Minor second C4-D'4 | 15:16 Be
2 Major second C4-D4 8:9 23:32
3 | Minor third C4-E'4 | 56 33:2°
4 | Maijor third C4 -E4 4:5 26:34
5 (Perfect) fourth | C4 — F4 3:4 3:22
6 | Tritone C4 —F#4 | 32:45 | 29:3% or 36:270
7 | (Perfect) fifth C4-G4 2:3 2:3
8 | Minor sixth C4-A4 | 538 3427
9 Maijor sixth C4-A4 3:5 24:33
10 | Minor seventh | C4-B'4 | 5:9 32:24
11 | Major seventh | C4 — B4 8:15 27:3°
12 | (Perfect) octave | C4 — C5 1:2 1:2
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5.1 Basic Theory of Harmony
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5.1 Basic Theory of Harmony
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5.1 Basic Theory of Harmony
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5.1 Basic Theory of Harmony

C D> D E E F G G A A B B
/)

s b

\/

AN
e <«

pherey

)
ALY
- 1
B

JLY
Y

YL
(m———

‘T“.-
[
[

LAY
Y

N

L

L

B
A%/Bb
A
GHIA
G
F#/Gb
F
E
D#/Eb
D
C#/Db
C

Meinard Miller: Fundamentals of Music Processing Chapter 5: Chord Recognition
© Springer International Publishing Switzerland, 2015 Slide 11



5.1 Basic Theory of Harmony
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5.1 Basic Theory of Harmony
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5.1 Basic Theory of Harmony
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5.1 Basic Theory of Harmony
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5.1 Basic Theory of Harmony
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5.1 Basic Theory of Harmony
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5.1 Basic Theory of Harmony
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5.2 Template-Based Chord Recognition
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5.2 Template-Based Chord Recognition
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5.2 Template-Based Chord Recognition
Fig. 5.15
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5.2 Template-Based Chord Recognition
Fig. 5.15
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5.2 Template-Based Chord Recognition
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5.2 Template-Based Chord Recognition
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5.2 Template-Based Chord Recognition
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5.2 Template-Based Chord Recognition
Fig. 5.18
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5.2 Template-Based Chord Recognition
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5.2 Template-Based Chord Recognition
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5.2 Template-Based Chord Recognition
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5.2 Template-Based Chord Recognition

C Dm G C
0 = jj = AT S AT AST . = =
(S SES L -ifﬁ 0”9 T & & | d'-#'.‘, -=" | Jifﬁ?—ifi
B R L R b R DP e P eV 2 S 2 g
o | | | | i i !

@
FTTTTTTTTTTTTTTTTTTTTTI

P

FN

FP

o
N
N
w

Meinard Miller: Fundamentals of Music Processing

© Springer International Publishing Switzerland, 2015

Time (seconds)

Chapter 5: Chord Recognition
Slide 30



5.2 Template-Based Chord Recognition
Fig. 5.21
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5.2 Template-Based Chord Recognition
Fig. 5.21
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5.2 Template-Based Chord Recognition
Fig. 5.21
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5.2 Template-Based Chord Recognition
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5.2 Template-Based Chord Recognition
Fig. 5.21

D P N LP NP S B B2 B P e

B I 2 T '

‘.- 0.8

GH ENE " BT L T I N s
m I-ﬁ

E_ ._h 0.4
g L i

0.2
C#-
CHEEN IENNm mEee, @ me @ ! BN N | |
0 1 2 3 4 5 6 7 8 9
Time (seconds)
Meinard Miller: Fundamentals of Music Processing Chapter 5: Chord Recognition

© Springer International Publishing Switzerland, 2015 Slide 35



5.2 Template-Based Chord Recognition
Fig. 5.21
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5.2 Template-Based Chord Recognition
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5.2 Template-Based Chord Recognition
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5.3 HMM-Based Chord Recognition
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5.3 HMM-Based Chord Recognition

Fig. 5.25
Observations
(visible)
0.8
States
(hidden)
Meinard Miiller; Fundamentals of Music Processing Chapter 5: Chord Recognition

© Springer International Publishing Switzerland, 2015 Slide 40



5.3 HMM-Based Chord Recognition
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5.3 HMM-Based Chord Recognition

Component Meaning Reference
A Set of states o; fori € [1: 1] (5.18)
A State transition probabilities a;; for i, j € [1 : ]| (5.20)
C Initial state probabilities ¢; for i € [1 : 1] (5.22)
B Set of observation symbols B for k € [1 : K] (5.25)
B

Emission probabilities by, fori € [1: Il and k € [1 : K] (5.26)
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5.3 HMM-Based Chord Recognition

Algorithm: HMM-based generation of observations

Input: HMM specified by (A,A,C,B.B)

Output: Observation sequence O = (01,02,...,0x)
Procedure:
(1) Choose an initial state s; = ¢ for some i € [1 : I] according to the

initial state distribution C.

2) Setn=1.
(3) Choose 0, = B for some k € [1 : K] according to the emission probabilities
in state s; = o specified by the i row of B.
(4)  Transit to the new state 5,1 = ¢¢; according to the state transition probability
at state @ specified by the i'" row of A.
(5) Setn =n-+1 and return to step (3) if n < N.
Otherwise terminate the procedure.
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5.3 HMM-Based Chord Recognition
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5.3 HMM-Based Chord Recognition

Algorithm: VITERBI

Input: HMM specified by @ = (A.A,C.B.B)
Observation sequence O = (01 = .02 = Py, ...,0n = Pry)
Output: Optimal state sequence S* = (s7.55,...,5y)

Procedure: Initialize the (/ x N) matrix D by D(i. 1) = ¢;by, fori € [1 : I]. Then compute in
a nested loop forn =2, ..., Nandi=1,....I:

D(i.n) = max e (aji-D(jn—1)) by,
E(i,n—1) = argmax;c.p (aji-D(j.n—1))
Set iy = argmax ;c(y.z D(j,N) and compute for decreasing n =N —1,....1 the maximizing
indices
Iy = argmax ;e rq.g (aﬂn+1 ’ D(jan)) = E(int1,n).
The optimal state sequence S* = (s7,...,sy) is defined by s} = ¢, forn € [1 : N].
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5.3 HMM-Based Chord Recognition
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5.3 HMM-Based Chord Recognition

[ Input > Viterbi algorithm > Output |
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5.3 HMM-Based Chord Recognition
Fig. 5.29
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5.3 HMM-Based Chord Recognition
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5.3 HMM-Based Chord Recognition
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5.3 HMM-Based Chord Recognition
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5.4 Further Notes

/

/Training: ”
Learn model parameters ﬂ,
(Baum—Welch algorithm)
Training data: labeled ;'5,
chroma vectors '; e
I ] ‘)
n II : n
EH oz N
20\ E 2042
CCCGGFFCC YY ¥YY vy
: Evaluationx
' broabs : - Find optimal state sequence
knowledge (Viterbi algorithm)

Test data: unseen
chroma vectors

??2?2?2?2?72?27?

SN Recognition result:
state sequence

Chapter 5: Chord Recognition

Meinard Miller: Fundamentals of Music Processing
Slide 52

© Springer International Publishing Switzerland, 2015



	Fundamentals of Music Processing
	Book: Fundamentals of Music Processing
	Chapter 5: Chord Recognition
	5 Chord Recognition
	5 Chord Recognition
	5.1 Basic Theory of Harmony
	5.1 Basic Theory of Harmony
	5.1 Basic Theory of Harmony
	5.1 Basic Theory of Harmony
	5.1 Basic Theory of Harmony
	5.1 Basic Theory of Harmony
	5.1 Basic Theory of Harmony
	5.1 Basic Theory of Harmony
	5.1 Basic Theory of Harmony
	5.1 Basic Theory of Harmony
	5.1 Basic Theory of Harmony
	5.1 Basic Theory of Harmony
	5.1 Basic Theory of Harmony
	5.2 Template-Based Chord Recognition
	5.2 Template-Based Chord Recognition
	5.2 Template-Based Chord Recognition
	5.2 Template-Based Chord Recognition
	5.2 Template-Based Chord Recognition
	5.2 Template-Based Chord Recognition
	5.2 Template-Based Chord Recognition
	5.2 Template-Based Chord Recognition
	5.2 Template-Based Chord Recognition
	5.2 Template-Based Chord Recognition
	5.2 Template-Based Chord Recognition
	5.2 Template-Based Chord Recognition
	5.2 Template-Based Chord Recognition
	5.2 Template-Based Chord Recognition
	5.2 Template-Based Chord Recognition
	5.2 Template-Based Chord Recognition
	5.2 Template-Based Chord Recognition
	5.2 Template-Based Chord Recognition
	5.2 Template-Based Chord Recognition
	5.2 Template-Based Chord Recognition
	5.3 HMM-Based Chord Recognition
	5.3 HMM-Based Chord Recognition
	5.3 HMM-Based Chord Recognition
	5.3 HMM-Based Chord Recognition
	5.3 HMM-Based Chord Recognition
	5.3 HMM-Based Chord Recognition
	5.3 HMM-Based Chord Recognition
	5.3 HMM-Based Chord Recognition
	5.3 HMM-Based Chord Recognition
	5.3 HMM-Based Chord Recognition
	5.3 HMM-Based Chord Recognition
	5.3 HMM-Based Chord Recognition
	5.3 HMM-Based Chord Recognition
	5.4 Further Notes

